• With good biocompatibility, a silica-based drug delivery system was prepared and used effectively in vivo to prolong the duration of drug treatment.
Introduction
Spinal cord injury (SCI), a devastating condition, is becoming a serious health problem worldwide [1] . As a central pathological process of SCI, the inflammatory response plays a vital role in the clinical prognosis of SCI [2] . Therefore, curtailing this inflammation by modulating activated immunocytes (macrophages, astrocytes, etc.) has been suggested as a promising strategy [3, 4] ; however, treatment of inflammation after SCI is limited [5] . Currently, methylprednisolone (MP) is most commonly used in SCI therapy [6] , but MP has shown side effects, including increased risk of general and respiratory infections and hyperglycemia [7] . Therefore, it is crucial to find a safer and more effective drug for the treatment of SCI.
Arctigenin (ARC-G) is a lignan isolated from Chinese herbal medicine, Arctium lappa (Niubang). It has been in clinical use in China as a therapeutic agent to treat inflammatory conditions such as antipyretic colds and swelling of the throat [8] . It has also been reported that ARC-G has potential antitumor, antiviral, neuron-protective, and anti-inflammatory properties [9, 10] . The anti-inflammatory abilities of ARC-G are related to the suppression of pro-inflammatory cytokines. Recently, several researchers have reported that cytokines such as tumor necrosis factor-α (TNF-α), interleukin-17 (IL-17), IL-6, and IL-33 may be potential targets for the treatment of SCI [11] [12] [13] . IL-17 induces myelin destruction, neuronal death, and astrocyte toxicity in various inflammatory conditions of the central nervous system, such as multiple sclerosis (MS), experimental autoimmune encephalomyelitis (EAE), and SCI [14, 15] . Therefore, we hypothesized that downregulating IL-17 may be a promising strategy for the treatment of SCI.
ARC-G was reported to reduce IL-17 in the central nervous system of experimental autoimmune encephalomyelitis (EAE) mice [14] . Previous experiments by our group showed that application of ARC-G reduced the inflammatory response after SCI and promoted motor function [16] . However, the poor water solubility of ARC-G limited its clinical application because a high dose of the drug is needed to treat the disease. The anti-inflammatory drug treatment has, therefore, generated considerable controversy because high doses of such drugs induce deleterious side effects [17] . Thus, a challenge for SCI treatment is to search for an alternative delivery system for ARC-G that effectively controls inflammation at the site of SCI.
With the development of nanotechnology, biocompatible nanomaterials closely fulfill the requirement in the recovery of tissue engineering [18] . In photoacoustic molecular imaging applications, MoS 2 nanosheets were supposed to be a suitable candidate due to their high loading capability and high optical absorption characteristics [19] . Functional graphene nanomaterials (FGNs) have been attracting more and more attention as an emerging platform in nanomedicine for drug/gene delivery, phototherapy, and bioimaging with excellent interaction and adhesive properties for protein, mammalian cells, and microbials [20] . A novel nanomaterial based on carbon nanotube-Fe 3 O 4 was prepared to sensitively and reversibly trap, inactivate, and detach bacteria [21] . The authors believe that such nanoagents will not only have potential applications in pathogenic bacteria prevention but also provide a new pathway for wound disinfection, implant sterilization, and also live bacteria transportation. Photo-responsive liposomes with gold nanoparticles [22] and gold nanorod@polyacrylic acid/calcium phosphate (AuNR@PAA/CaP) yolk-shell nanoparticles [23] have been designed for controlled drug release in response to a change in the microenvironment. There is an increasing demand for drug delivery systems (DDS) that allow for controlled and triggered release upon stimulation. For the above systems, certain bottlenecks need to be overcome. The foremost concern is the stability of the system; the clearance of the delivery system from the human body and long-term effects of chronic usage have yet to be studied.
In the past decade, several studies have reported the application of nanoparticles for treatment of SCI [12, [24] [25] [26] [27] . Compared with other nanoparticles, mesoporous silica nanoparticles (MSNs) have shown significant benefits as a drug delivery system over traditional drug nanocarriers due to their tailored mesoporous structure and high surface area [28, 29] . MSNs also provide a more advantageous choice for controlled and localized drug delivery due to their extensive nanopore structure in mesoporous silica [30] [31] [32] . Since anti-IL-17 has a positive role in functional recovery after SCI, we developed a cluster-like mesoporous silica/ARC-G (MSN/ARC-G) composite drug delivery system for the systemic treatment of mice with spinal cord injury through tail vein injection (Scheme 1).
The blood-spinal cord barrier (BSCB) is considered a major impediment to systemic treatment of SCI. To circumvent the BSCB, localized delivery of drugs within the spine has been explored, but this has limitations in clinical 1 3 settings. In SCI, the BSCB is transiently disrupted allowing extravascular access for macromolecules and neuroprotective drugs from the systemic circulation. However, the lack of specific binding of passively accumulating proteins in the injured area can result in low retention and subsequent washout over time, resulting in significantly limited therapeutic efficacy of systemically administered drugs. Recently, in vivo phage display screening identified the peptide CAQK, which specifically targets brain and nerve injury sites [33, 34] . In our study, we grafted FITC-CAQK onto the surface of MSN/ARC-G (MSN-FC@ARC-G) to target the injured spinal cord tissue. We also conducted in vivo experiments to evaluate the effect of anti-IL-17 on the inflammation of the injury region and to study functional recovery after SCI.
Experimental Section

Preparation of Cluster-Like Mesoporous Silica Powder
Cluster-like mesoporous silica (C-MSN) was synthesized using a soft-templating method [35] . A mixture of 1.90 g of cetyltrimethylammonium tosylate (CTATos, MERK) and 0.35 g of triethanolamine (TEAH 3 ) in 0.1 L of deionized water was stirred at 80 °C for 1 h; then, 14.58 g of tetraethyl orthosilicate (TEOS) was quickly added into the surfactant solution. The mixture was stirred at 80 °C with a stirring speed of 1200 rpm for another 2 h. The synthesized C-MSNs were filtered, washed, and dried in the oven at 100 °C for 20 h. As a control, solid structure mesoporous silica (S-MSN) was synthesized using cetyltrimethylammonium bromide (CTAB) as a structure-directing agent [36] . First, 0.32 g CTAB was dissolved in 70 mL deionized water which was stirred with 30 mL ethanol and 0.5 mL ammonia at 30 °C for 1 h; subsequently, 0.5 g TEOS was added into the solution under stirring for 3 h. After the reaction, the white products were separated by centrifugation and washed once with deionized water and then twice with ethanol. The products were then dispersed in 60 mL of ethanol; 0.12 mL concentrated hydrochloric acid was added at 60 °C and was stirred for 3 h with a speed of 20 rpm. The obtained products were washed three times with deionized water and freeze-dried.
Preparation of Amino-Chemical C-MSN-NH 2
First, 7 mL anhydrous ethanol was added into 0.2 mL 3-aminopropyltriethoxysilane (APTES) named solution A and dispersed for 1 h. Next, 0.05 g MSN was added to 8 mL anhydrous ethanol to generate solution B. Solutions A and B were then mixed at 40 °C under constant temperature and water bath conditions for 8 h. After the reaction, the products were washed three times with anhydrous ethanol, then frozen and dried to obtain the amino-chemical C-MSN-NH 2 powder. A total of 5 μL FITC or FITC-CAQK (Zhejiang Ontores Biotechnologies Co.), 0.0020 g 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and 0.0012 g N-hydroxysuccinimide (NHS) were added to 20 mL deionized water. The solution was dispersed for 30 min, and the pH value was adjusted to 5.5 with 0.1 M HCl, yielding solution C. Then, 10 mg C-MSN-NH 2 was dispersed in 5 mL 0.1 M NaOH, named solution D, and the solution C was dropped slowly into solution D. Next, 0.1 M NaOH was used to adjust the pH of the solution D to 6. After reacting at ambient temperature for 6 h, the product was obtained by centrifugation and washing three times with deionized water. MSN-F or MSN-FC was obtained after freeze-drying.
Preparation of C-MSN/FITC-CAQK/ARC-G (MSN-FC@ARC-G)
A total of 10 mg MSN-FC was added to 0.1 mg mL
ARC-G solution and soaked at 4 °C for 24 h. The sample was obtained after centrifugal freeze-drying.
Characterization of MSNs
The morphology of MSNs after coating with gold was examined using a field emission scanning electron microscope (FESEM; Merlin, Zeiss, Germany) at an accelerating voltage of 10 kV. The particles were observed by transmission electron microscopy (HRTEM, JEM-2100F, JEOL, Japan) and analyzed by X-ray diffractometry (XRD) employing CuKα X-ray at 40 kV and 100 mA using a powder X-ray diffractometer (XRD, X'Pert PRO, PANalytical, Netherlands) and a silicon zero background plate. The Fourier transform infrared (FTIR) spectrum of MSNs was recorded using an FTIR-350 spectrometer (FTIR; AVATAR 360, Nicolet Co, USA) by the KBr pellet method. The nitrogen gas (N 2 ) adsorption-desorption isotherm of MSNs was measured at − 196 °C using a specific surface area/pore size distribution analyzer under continuous adsorption conditions. The surface chemical compositions of the dried samples were analyzed by X-ray photoelectron spectroscopy (XPS; Axis Ultra DLD, Kratos, Britain). ARC-G (100 mg) was fully dissolved in polyethylene glycol 400 (PEG 400; 26 mL) by stirring. Then, ultrapure water was added to the ARC-G-PEG solution, the volume of which was kept at 100 mL. The pH of the prepared solution was adjusted to 4.0-4.5 by adding sodium citrate and sterilized at 115 °C for 30 min. The ARC-G-PEG 400 (26 mL) was dissolved in ultrapure water to prepare the PEG solution (100 mL); the pH was adjusted to 4.0-4.5 by adding sodium citrate and the solution was sterilized at 115 °C for 30 min.
In Vitro Release of ARC-G
The intravenous injection of ARC-G is highly toxic [37] ; therefore, we adopted low-dose drug loading. A total of 10 mg C-MSNs was added to 10 ml ARC-G solution (0.1 mg mL −1 ) which was soaked at 4 °C for 24 h. The sample was obtained after centrifugal freeze-drying and suspended in 10 mL of phosphate-buffered saline (PBS; KeyGEN biotech, China) with mild shaking (100 rpm) in an air-bath shaker at 37 °C. At predetermined time intervals (1, 2, 4, and 6 h), release tube was centrifuged at 12,000 rpm to precipitate the microspheres, and 0.5 mL of the supernatant was extracted for a concentration test. At the same time, 0.5 mL of fresh PBS was added to the tubes. The concentration of ARC-G in the release medium was quantified by an ultraviolet spectrophotometer at 280 nm and the following calculated:
Loading efficiency (%) = weight of loaded ARC-G∕ total weight of nanoparticles and loaded ARC-G 
Cell Culture
All cell-culture-related reagents were purchased from HyClone. RAW 264.7 cells (a mouse macrophage cell line, provided by the Gaolaboratory at Jinan University, China) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a 5% CO 2 -humidified chamber at 37 °C. Bone marrow-derived stromal cells (BMSCs) were cultured in Dulbecco's modified Eagle's medium with low glucose (DMEM-LG) containing 10% (v/v) FBS. Cell density was determined using a hemocytometer prior to each experiment. Cells were seeded in 96-well plates (1 × 10 4 cells per well)
with 200 μL of H-DMEM supplemented with 10% FBS and maintained in an incubator at 37 °C in a humidified atmosphere consisting of 5% CO 2 . After culturing for 12 h, the cell culture medium was replaced with 200 μL of the H-DMEM medium containing different concentrations of C-MSNs (0, 0.01, 0.03,0.06, 0.09, 0.12, and 0.15 mg mL −1 ). Five replicates were set for every sample. Cell viability was quantitatively determined using the CCK-8 assay. The absorbance at 450 nm was determined using a microplate spectrophotometer as an indicator of cell viability. The cell viability of treated cells was normalized to that of the control group (did not receive any treatment), and the following formula was used to calculate cell growth inhibition: cell viability (%) = (mean of Abs. value of treatment group/mean Abs. value of control) × 100%.
Quantitative Real-Time RT-PCR
Total RNA was isolated using TRIzol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, USA) and was converted into cDNA with random hexamers and PrimeScript RT Enzyme Mix (TaKaRa, Guangzhou, China).
HPRT was used as an internal control. The messenger RNA (mRNA) levels of IL-17 and its related factors were analyzed through quantitative real-time RT-PCR (qRT-PCR). These IL-17-related factors were IL-17A, IL-17F, ROR-γt, IL-23R, CCR6, and granulocyte-macrophage colony-stimulating factor (GM-CSF). The mRNA levels of target genes were quantified using SYBR green mix (Bimake, Guangzhou, China) and the CFX Connect™ instrument (Bio-RAD, Guangzhou, China). The relative mRNA levels of multiple cytokine genes in each sample were displayed as 2 −ΔΔCt values and were representative of at least three independent experiments.
Animals and Groups
C57BL/6J mice were purchased from the Guangdong Experimental Animal Center. All mice were female, 7-8 weeks old, and weighed 17-22 g at the time of surgery. C57BL/6J mice were fasted but could drink freely for 12 h. Then, 0.1 mL PBS, C-MSN (5 mg mL −1 ), ARC-G (0.1 mg mL −1 ), or MSN-FC@ARC-G (5 mg mL) solution was injected into the tail vein. The Jinan University Animal Ethics Committee approved this study. Animals were randomly divided into four groups. Each group was housed in a separate cage and had free access to water and a normal diet. The animals were kept in a room with an ambient temperature of 20-25 °C and relative humidity of 60%.
Contusive SCI Model
Contusive SCI was performed using a New York University Impactor as described [38] . In brief, mice were anesthetized with pentobarbital (50 mg kg −1 intraperitoneally) and underwent a laminectomy at the T11-12 level. The exposed dorsal surface of the cord was subjected to a weight drop injury using a 10-g rod dropped from a height of 6.25 mm.
Mice Fluorescence Imaging
After the mice were injected with MSN-FC@ARC-G and MSN-F for 24 h, the animals were placed in Bruker In Vivo Imager, anesthetized with isoflurane, and images were collected with 470 nm excitation wavelength, 535 nm emission wavelength, and three seconds exposure time. The background noise of images was removed by the analysis software. Immediately, the mice were euthanized, and tissues (including heart, liver, spleen, lung, kidney, and spine) were obtained after surgery. The distribution of the nanoparticle in the tissues was analyzed under the same imaging parameters.
Behavioral Assessment
Recovery after SCI was evaluated using the Basso Mouse Scale (BMS) assessment scores [39] . Two blinded expert observers evaluated the mice on the day of surgery, and at 1, 3, and 5 days, 1, 2, 3, 4, 5, and 6 weeks after surgery. Scores from the two observers were averaged. Also, recovery was assessed according to published methods using the CatWalkXT 9.1 automatic quantitative gait analysis system (Noldus Company, Wageningen, Netherlands). Briefly, mice were trained five times a day for 1 week before surgery to walk in a single direction the entire length of a darkened CatWalk chamber placed in a quiet room. Six weeks after surgery, mice were assessed five times using the same system. The gait regularity index and hind max contact area were recorded. The regularity index calculated as the number of normal step sequence patterns multiplied by four and divided by the total amount of paw placements; that value is ~ 100% in normal animals.
Motor-Evoked Potentials
To evaluate SCI recovery, the motor-evoked potentials (MEP) were assayed at 6 weeks after treatment following previously described methods [40] . First, the mice were anesthetized using a compound anesthetic (3.0 mL kg −1 ).
Then, a stimulation electrode was applied to the rostral ends of the surgical spinal cord. The recording electrode was placed in the gastrocnemius, and the reference electrode was placed in the paravertebral muscles between the stimulation point and recording point. The ground electrode was placed on the tail. A single square wave stimulus of 0.5 mA, 0.5 ms in duration, 2 ms time delay, and 1 Hz was used. The amplitude was measured from the initiation point of the first response wave to its highest point. All potentials were amplified and obtained using a digital oscilloscope (Chengdu Instrument Factory, Chengdu, China).
Nissl Staining and Immunofluorescence
At 6 weeks after surgery, 8 mice were selected from each group, anesthetized, and fixed by perfusion with 4% paraformaldehyde in 0.1 M PBS (pH 7.4). The T11 vertebra was exposed as described above, and 1 cm spinal cord specimens around the transected site were collected. The injured sites, the anterior and posterior ends, and the dorsal and ventral sides were marked. Specimens were fixed for 24 h with 4% neutral paraformaldehyde, embedded, and sectioned using a cryostat with a sagittal plane thickness of 20 μm. To measure Nissl body density and shape, frozen sections were stained with Nissl reagent (Goodbio, Wuhan, China) strictly according to the manufacturer's instructions. Frozen sections were also probed with rabbit antibodies against the glial fibrillary acidic protein (GFAP, diluted 1:1000; Abcam, Cambridge, UK) and then labeled with Alexa Fluor 488-conjugated goat anti-rabbit IgG (diluted 1:500; Abcam). Images were obtained using an inverted fluorescence microscope (Leica DM1000, German). Fluorescence intensity was calculated using Image J (National Institutes of Health, Bethesda, MD, USA). For quantitative analysis of cavity volume, serial spinal cord sections stained with GFAP were three-dimensionally reconstructed. A total of five serial transverse spinal cord sections equally spaced 200 µm apart were used to create a three-dimensional image corresponding to a 1 cm-long spinal cord segment. The lesion cavity and the spinal cord were three-dimensionally reconstructed using a microscope attached to a Neurolucida system (MBF Bioscience). The Neurolucida software calculated the volumes of the cystic cavities automatically [3] .
Inflammatory Cytokine Analysis
For analyzing the IL-17 in spleens, 3 days post-injury mice were perfused with phosphate-buffered saline (PBS). Spleens were removed by insufflation and dissociated by gently grinding the tissue into a single-cell suspension.
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Infiltrated cells were enriched by Percoll gradient centrifugation and resuspended in staining buffer. At 1 week after treatment, a 10-mm segment of cord centered at T11 was removed and quickly frozen in an ethanoldry-ice bath. Samples were stored at − 80 °C. The tissue samples were later homogenized in 200 μL of ice-cold cell lysis buffer (Beyotime Inc., China) containing enzyme inhibitors and centrifuged at 10,000×g for 10 min at 4 °C; then, the supernatants were frozen at − 80 °C. Protein levels were determined using the BCA protein assay as described by the manufacturer (Beyotime).
The levels of IL-17, IL-1α, IL-6, granulocyte colonystimulating factor (G-CSF), MCP-1, and MIP-1β in mouse spinal cords were analyzed with the Bio-Plex system (BioRad, Hercules, CA, USA) using a 23-Plex Cytokine Array Kit (Catalog No. M60009RDPD).
Results
Construction of the Nanosystem
The SEM and TEM images (Fig. 1c, d) showed that the particle size of C-MSN was around 60-120 nm. Thin bridges featuring porous channels between mesoporous particles formed inside the C-MSN particles which were apparently held together in aggregates. As a comparison, S-MSN particles were prepared (Fig. 1a) , which showed dense structures. Figure 1e , b displays SAXRD patterns of C-MSN and S-MSN with distinct diffraction peaks at 0-1, indicating that the MSN had a partially ordered mesostructure. The peak in Fig. 1e appears sharper than that in Fig. 1b . The SAXRD results were consistent with the morphology results (Fig. 1a, c, d ). As shown in Fig. 1f , the C-MSN had a classical type IV N 2 adsorption-desorption isotherm with well-defined steps at relative pressures (P/P 0 ) of 0.2-0.4 and 0.8-1.0 for C-MSNs. This suggested that C-MSN had uniform mesoporous channels and relatively narrow pore size distribution, which was also supported by Fig. 1c, d consistent with the results obtained from SEM and TEM imaging. Surprisingly, C-MSN had two most likely pore diameters of approximately 3.0 and 19.5 nm (Fig. 1f) as suggested by two steps of its desorption isotherm implying the presence of multiple probable mesoporous structures. Also, C-MSN had specific surface areas and cumulative pore volumes (82.880 m 2 g −1 and 0.3210 cm 3 g −1 , respectively). Drug entrapment and loading efficiency of the nanosystem were calculated as 31.21 + 3.6% and 1.56 + 0.25%, respectively. Figure 3a shows the ARC-G releasing behavior of C-MSN@ARC-G in PBS. ARC-G released from C-MSN slowly, and the cumulative release ratio was only 22.02% at 2 h. After 6 h, the cumulative release ratio was up to 25.27%, indicating that the nanosystem demonstrated sustained drug release behavior in vitro. The more slowly releasing behavior was obtained. Figure 3b displays the ARC-G releasing behavior of MSN-FC@ARC-G in vivo. The initial drug concentration of the ARC-G group was greater than that of the MSN-FC@ARC-G group at 1 h, but the MSN-FC@ARC-G group showed sustained drug release behavior after intravenous injection. To examine the ability of MSN-FC@ARC-G to target the injured spinal cord tissue in vivo, MSN-F and MSN-FC@ARC-G were intravenously injected into mice tail veins 1 day after the injury. After 24 h, the spinal cord was dissected and analyzed by NIRF imaging (Fig. 3c, d) . The fluorescence intensity of the lesion was significantly higher after MSN-FC@ARC-G administration compared with MSN-F (Fig. 3c) . These results indicated that CAQK significantly enhanced the tropism to the region of the injured spinal cord.
In Vitro Cytotoxicity Assay
Before exploring the in vivo performance, biocompatibility of C-MSN and MSN-FC@ARC-G was evaluated by the CCK-8 assay (Fig. 4) . Our results demonstrated that C-MSN and MSN-FC@ARC-G did not show any obvious toxic effects to RAW 264.7 cells and BMSCs after incubation for 48 h even at a high concentration of up to 0.15 mg mL −1 which surpassed that used in the following experiments. Figure 4 shows no detectable acute toxic effects of C-MSN and MSN-FC@ARC-G.
Side Effects and Systemic Toxicity
The overall toxicity to mice of intravenously administered C-MSN, ARC-G, and MSN-FC@ARC-G (ARC-G concentration: 1 mg kg −1 ; 1, 7, and 28 days post-injection) compared to control animals (PBS) is shown in Fig. 5 . No difference was noted among the groups concerning white blood cells, red blood cells, or platelets. The levels of alanine transaminase, aspartate transaminase, and blood urea nitrogen were not increased in the experimental group. MSN-FC@ARC-G did not induce any increase or decrease in white blood cells, red blood cells, or platelets. Similarly, no differences in alanine transaminase, aspartate transaminase, or blood urea nitrogen were observed between the experimental group animals and the controls (PBS). These results indicated that MSN-FC@ARC-G did not induce obvious inflammation and affect the blood chemistry of mice (Fig. 5a) . Finally, the corresponding histological changes of organs are shown in Fig. 5b ; the heart, liver, spleen, lung, and kidney had no morphological damage 28 days postinjection of MSN-FC@ARC-G (Fig. 5b) indicating good biocompatibility of these nanocarriers.
MSN-FC@ARC-G Promoted Locomotor Functional Recovery after SCI
To evaluate the therapeutic effect of the nanoparticles, mice were treated with PBS, C-MSN, ARC-G, or MSN-FC@ ARC-G. After contusion, all four groups of animals sustained complete paraplegia with no observable hindlimb movement by the BMS assessment. The MSN-FC@ARC-G group recovered gradually, with the BMS index increasing from 1 week post-injury and peaking at 6 weeks post-injury (with an average of 4.25 ± 0.31, n = 8) (Fig. 6a) . In contrast, functional recovery in other groups was significantly slower with a limited increase in the BMS index of approximately 2.5 at 6 weeks post-injury (Fig. 6a) . This significant difference was also apparent in an increased regularity index (calculated as the number of normal step sequence patterns multiplied by four and divided by the total amount of paw placements; ~ 100% in normal animals) and enlarged hind 
MSN-FC@ARC-G Reduced Lesion Cavities and Protected Motor Neurons
Improved functional recovery suggested that there was a smaller damage volume in the MSN-FC@ARC-G-treated mice than in the control animals. We measured the cavity of the lesion center using anti-GFAP immunostaining at 6 weeks post-injury. vs. ARC-G, 5.63 ± 0.53, P < 0.05, n = 6; Fig. 7c, d ). These results indicated that MSN-FC@ARC-G improved functional recovery after SCI.
MSN-FC@ARC-G Reduced IL-17 Expression
In Vivo
Flow cytometry analysis was performed to determine whether the neuroprotection effect of MSN-FC@ARC-G on SCI was associated with changes in IL-17, which is known to induce myelin destruction, neuronal death, and astrocyte toxicity in different inflammatory conditions of the central nervous system. After SCI, the mice were injected with PBS, C-MSN, ARC-G, or MSN-FC@ARC-G, and the spleens were extracted 1 day later. The results clearly showed that MSN-FC@ARC-G significantly reduced the expression of IL-17 (Fig. 8) . Next, qRT-PCR was used to further analyze the expression of IL-17-related mRNA. As shown in Fig. 8c,  d , IL-17A, IL-17F, ROR-γt, IL-23R, CCR6, and GM-CSF were inhibited in the spleens of MSN-FC@ARC-G-treated mice. Thus, the expression of IL-17 signature cytokines in peripheral lymphoid organs (spleen) of mice with SCI was inhibited by MSN-FC@ARC-G compared with the other groups.
MSN-FC@ARC-G Reduced Expression of IL-17-Related Inflammatory Cytokines
To determine whether MSN-FC@ARC-G modulated inflammation and wound healing, pro-inflammatory cytokines were investigated, and the protein expression levels of inflammatory mediators associated with IL-17 were assessed. The MSN-FC@ARC-G-treated mice showed significantly reduced pro-inflammatory cytokine levels of IL-17, IL-1α, IL-6, G-CSF, MCP-1, and MIP-1β (Fig. 9) . Multiple IL-17 receptors (IL-17 ra, IL-17 rb, IL-17 rc, and IL-17 re) are expressed on astrocyte membranes; therefore, IL-17 has been shown to exert a strong influence on astrocytes in the central nervous system, especially in ischemia, inflammation, and degenerative diseases [41] . We, therefore, verified whether the nanomaterial system plays a role in regulating astrocytes.
MSN-FC@ARC-G Regulated the Activation of Astrocytes
Western blotting indicated that MSN-FC@ARC-G significantly decreased the expression of proteins involved in the Act1/NF-κb/IRF-1 signaling pathway (Fig. 10a, b) . Moreover, immunofluorescence analysis showed that MSN-FC@ ARC-G could inhibit the activation of astrocytes (GFAP expression was enhanced with the increased activation of astrocytes) (Fig. 10c, d ). These results indicated that the molecular mechanisms underlying the therapeutic effect of MSN-FC@ARC-G on mouse SCI involve IL-17, which Fig. 9 a Pro-inflammatory cytokines in spinal samples were analyzed using the Bio-Plex system (Bio-Rad, Hercules, CA) 24 h after SCI. Different colors indicate the protein levels from low (blue) to high (red) representing the fold change. b Protein levels of IL-17, IL-1α, IL-6, G-CSF, MCP-1, and MIP-1β were significantly decreased in the MSN-FC@ARC-G-treated group compared with the other three groups (n = 6 mice per group). One-way ANOVA with Tukey's multiple comparisons tests; Mean ± SEM; ***P < 0.001; ****P < 0.0001
regulates the Act1/NF-κb/IRF-1 signaling pathway of astrocytes.
Discussion
SCI can lead to severe motor, sensory, and autonomic dysfunction [42] . Drug delivery remains the main challenge of SCI drug development due to the fast metabolism and/or rapid blood clearance of most SCI drugs, as well as poor diffusion through the blood-spinal cord barrier (BSCB) [43] . It has been suggested that nanotechnologies may promote spinal cord delivery and efficacy of drugs because of an improved pharmacokinetic profile and better neurovascular unit access [12, [24] [25] [26] [27] . However, many of these nanocarriers require complex functional design to achieve targeted delivery of drugs which may restrain their pharmaceutical development [44] .
In our study, we used C-MSN as the drug carrier; and the particle size of C-MSN was designed to be approximately 100 nm (Figs. 1 and S1 ). We developed the C-MSN/ARC-G/ CAQK composite nanoplatform to enable site-specific drug delivery to the spinal cord. To achieve a functional nanocarrier design, the FITC fluorescent molecule, and a CAQK peptide, which could selectively identify the damaged central nervous system [33, 34] , were grafted onto the C-MSN nanoparticles. The verification results are shown in Figs. S2 and S3 by FTIR and XPS analysis. A previous study reported that the size threshold for therapeutic nanoparticle localization to the spinal cord after contusion injury is below 200 nm [45] . The nanocarriers we synthesized meet this size requirement (Fig. 1c, d) . Importantly, the in vivo live imaging showed that the nanosystem (MSN-FC@ARC-G) efficiently reached the spinal cord injury site (Fig. 3c) . MSN-F did not have any targeting ligands, but the fluorescence signals still accumulated near the injured spinal cord. The possible reason is that the blood-brain barrier will be Fig. 3c . Some authors have reported that the intravenous injection of ARC-G is highly toxic [37] ; low-dose drug loading was achieved in this work, and it was found that the loading efficiency of the nanosystem was only 1.56 + 0.25%. Due to the porous channels formed between mesoporous particles inside the C-MSN particles (Fig. 1c, d ), drug release of C-MSN was fast during the first 2 h, and the cumulative release ratio by the end of 2 h was only 22.02%. After 6 h, the cumulative release ratio increased to 25.27%, indicating that the nanosystem demonstrated sustained drug release behavior in vitro. The in vivo releasing behavior of MSN-FC@ARC-G also showed sustained drug release after intravenous injection (Fig. 3a, b) .
BSCB disruption is an important contributor to secondary injury following SCI, and therapies to restore BSCB functionality are under investigation for neuroprotection [46] . The localized permeability of the BSCB and the delayed onset of secondary injury provide a window of opportunity for therapeutic intervention. Our results suggested that the duration of BSCB impairment was at least 24 h (Fig. 3c, d ). Within this time window, CAQK targeting can be an effective drug delivery approach with two advantages. First, the peptide can access and bind to its target allowing accumulation of the payload at the site of injury. The second important factor is the retention effect. By binding to its target, CAQK can retain the drug in the injured microenvironment by minimizing its washout [34, 47] . Thus, the targeting approach in this study encompasses the critical period of healing, which may provide a more lasting therapeutic effect.
Most CNS medicines have significant limitations due to their side effects [48] . The results of the biocompatibility experiment we conducted are shown in Figs. 4 and 5 . First, the in vitro cell experiments showed no toxic effects of the nanomaterials. Subsequently, we investigated the overall toxicity of the intravenously administered nanocarrier in mice compared to control animals injected with PBS. No differences were noted between the two groups concerning white blood cell count, red blood cell count, and other hematological parameters (Fig. 5a) ; the heart, liver, spleen, lung, and kidneys also showed no morphological damage after nanocarrier administration at 28 days post-injection (Fig. 5b) . These results clearly showed that the nanocarrier can be considered safe upon systemic intravenous administration at the therapeutic dose of 5 mg mL −1 .
We investigated the therapeutic effect of the nanoplatform on SCI. BMS results showed that the mice treated with MSN-FC@ARC-G recovered better than those in other groups (Fig. 6a) . Additionally, the MSN-FC@ARC-G group was better than the control group in both the hind max contact area and the gait index (Fig. 6b, c) . The electrophysiological test results also showed that the nerve conduction function of the MSN-FC@ARC-G group was better than that of the control group (Fig. 6d) . To more objectively evaluate the therapeutic effect of MSN-FC@ARC-G, morphological analysis of the SCI site was performed (Fig. 7) . The cavity of the lesion center was measured using anti-GFAP immunostaining at 6 weeks post-injury. The cavities were significantly smaller in the MSN-FC@ARC-G-treated mice than in other groups (Fig. 7a, b) . Next, the number of surviving motor neurons, which are responsible for functional recovery following SCI, was assessed. The results showed more surviving motor neurons in mice with MSN-FC@ ARC-G treatment (Fig. 7c, d ). These results indicated that MSN-FC@ARC-G effectively improved the nerve function of spinal cord injury; however, its underlying mechanism is not clear.
It has been reported that the levels of inflammatory factors were increased dramatically within 24 h after SCI injury [49] and played a key role in the secondary injury after SCI, leading to spinal cord demyelination and neuronal death [50] . The anti-inflammatory and neuroprotective role of ARC-G has previously been reported in a mechanical trauma injury model [51] that could reduce the expression of IL-17, IL-1, and TNF-α [52] . The decreased expression of IL-17 could effectively promote the repair of central nerve injury [53, 54] .
To explore the molecular mechanism of ARC-G in the treatment of spinal cord injury, we conducted a series of biological experiments. First, the expression of IL-17 after SCI in the CD4 + T cells of the spleen was analyzed through flow cytometry and q-PCR. The results showed that there was a significant reduction in IL-17 and related factors in the ARC-G and MSN-FC@ARC-G-treated groups (Fig. 8a-d) , indicating that IL-17 plays an important role in and participates in multiple immune responses. To verify whether the down-regulation of IL-17 was accompanied by the attenuation of the associated inflammatory factors, multi-factor high-throughput detection of the local spinal cord was carried out. At 24 h after spinal cord injury, 5-mm segments centered on the injury site were collected for luminex analysis [55] . The results showed that the expression of IL-17 and IL-17-related inflammatory factors was downregulated (Fig. 9) . These results indicated that both ARC-G and MSN-FC@ARC-G could reduce the expression of IL-17 and related factors in the spleen (Fig. 8) . MSN-FC@ARC-G could reduce IL-17-related inflammatory factors in local SCI due to its targeting ability, whereas ARC-G could not (Fig. 9) . Taken together, these data suggested that MSN-FC@ARC-G effectively improved local inflammation of the spinal cord injury microenvironment.
Astrocytes, as an essential component of the central nervous system, play an important role in supporting the neurons [56] . Under stress conditions, such as spinal cord injuries, traumatic brain injury, stroke, infection, or degenerative diseases [57] , astrocytes can be rapidly activated accompanied by changes in their morphology and function. These changes include excessive expression of chondroitin sulfate promoting the formation of glial scars [58] and the ability to adjust the balance of extracellular ions, repair the blood-brain barrier, and secrete neurotrophic factors, such as NGF, NT3, and GDNF, which can quickly remove cytotoxic factors and promote the functional recovery of spinal cord neurons [59] . A previous study regulated the function of astrocytes to prevent the excessive expression of GFAP for the treatment of spinal cord injury [60] . Multiple IL-17 receptors (IL-17 RA, IL-17 RB, IL-17 RC, and IL-17 RE) can be expressed on the astrocyte membrane, and IL-17 has a significant impact on astrocytes in the central nervous system, especially in ischemia and inflammation-degenerative diseases [41] . In vitro experiments have shown that IL-17A could stimulate human or mouse astrocytes to secrete a large number of inflammatory factors and chemokines (IL-6, TNF-α, CCL2, CCL3, CCL20, CXCL1, and CXCL2) [61] . Besides, the Act1/IRF-1 signaling pathway plays an important role in the activation of astrocytes [62] . With the upregulation of IL-17, Actl binds to the IL-17R, stimulating TAKl and IKK kinase to activate NF-κB and promote the release of inflammatory cytokines by astrocytes [63] . Our results indicated that blocking the expression of IL-17 inhibited the activation of astrocytes, and Western blotting showed that the protein expression associated with the Act1/IRF-1 signaling pathway decreased (Fig. 10) . Considering the role of IL-17 in diseases associated with the central nervous system, and in light of our previous results [16] , it seems plausible that the role of MSN-FC@ARC-G in the pathophysiological process of SCI was achieved by regulating the function of astrocytes (Scheme 2).
Conclusion
In this study, we constructed a nanosystem of mesoporous silica + CAQK + ARC-G. We have shown that this system has good biocompatibility, can be released sustainably in vivo, and the "time window" of drug treatment is prolonged. More significantly, it can target SCI and penetrate the blood-spinal cord barrier due to its 100 nm particle size. Furthermore, this nano-drug platform can repair the local micro-environmental damage, specifically by reducing the expression of IL-17 and IL-17-related inflammatory factors, thus protecting the neurons and promoting the recovery of SCI.
